The Brain Resource International Database and Brain Resource, Sydney, NSW, Australia and San Francisco, CA, USA Individual risk markers for depression and anxiety disorders have been identified but the explicit pathways that link genes and environment to these markers remain unknown. Here we examined the explicit interactions between the brain-derived neurotrophic factor (BDNF) Val66Met gene and early life stress (ELS) exposure in brain (amygdala-hippocampalprefrontal gray matter volume), body (heart rate), temperament and cognition in 374 healthy European volunteers assessed for depression and anxiety symptoms. Brain imaging data were based on a subset of 89 participants. Multiple regression analysis revealed main effects of ELS for body arousal (resting heart rate, P = 0.005) and symptoms (depression and anxiety, P < 0.001) in the absence of main effects for BDNF. In addition, significant BDNF-ELS interactions indicated that BDNF Met carriers exposed to greater ELS have smaller hippocampal and amygdala volumes (P = 0.013), heart rate elevations (P = 0.0002) and a decline in working memory (P = 0.022). Structural equation path modeling was used to determine if this interaction predicts anxiety and depression by mediating effects on the brain, body and cognitive measures. The combination of Met carrier status and exposure to ELS predicted reduced gray matter in hippocampus (P < 0.001), and associated lateral prefrontal cortex (P < 0.001) and, in turn, higher depression (P = 0.005). Higher depression was associated with poorer working memory (P = 0.005), and slowed response speed. The BDNF Met-ELS interaction also predicted elevated neuroticism and higher depression and anxiety by elevations in body arousal (P < 0.001). In contrast, the combination of BDNF V/V genotype and ELS predicted increases in gray matter of the amygdala (P = 0.003) and associated medial prefrontal cortex (P < 0.001), which in turn predicted startle-elicited heart rate variability (P = 0.026) and higher anxiety (P = 0.026). Higher anxiety was linked to verbal memory, and to impulsivity. These effects were specific to the BDNF gene and were not evident for the related 5HTT-LPR polymorphism. Overall, these findings are consistent with the correlation of depression and anxiety, yet suggest that partially differentiated gene-brain cognition pathways to these syndromes can be identified, even in a nonclinical sample. Such findings may aid establishing an evidence base for more tailored intervention strategies.
Introduction
Depression will be the second leading contributor to the burden of disease by 2020 (http://www.who.int/ mental_health/management/depression/definition/en/). There is therefore an urgent need to identify objective indicators of risk for depression, and to understand their link to underlying biological mechanisms and treatment. 1, 2 To date, candidate risk markers such as genetic polymorphisms, vulnerability to stress, personality traits, and alterations in brain function, structure and cognition have tended to be assessed in separate studies. 3 The integrative relationships between these factors, and how they may interact to predict depression and anxiety, remain unknown. Here, we used path modeling to test an integrative model of risk for depression, based on integrative neuroscience. [4] [5] [6] [7] [8] Given the overlap in depression and anxiety, we drew on behavioral models that identify distinct dimensions of syndromal depression and anxiety, along with a common dimension of general distress. [9] [10] [11] There is overwhelming evidence that depression can be precipitated by stressful life events [12] [13] [14] particularly when exposure to stress is early in life. The influence of adverse events on depression is clearly moderated by genetic vulnerability. Much attention has been given to the role polymorphisms of the serotonin transporter (5HTT-LPR) in increasing (S/S genotype) or decreasing (L/L genotype) the depressogenic effects of life stress. 15 These several observations by Caspi et al. 15 have been largely confirmed in several subsequent studies 16, 17 and are also congruent with functional brain imaging studies that have demonstrated reduced 5HT binding in depressed patients. 18 However, other genes that exhibit polymorphisms such as the CRF-1 receptor 19 and brain-derived neurotrophic factor (BDNF) 20 have also been implicated in clinical depression, and risk for depression in healthy individuals. 4, 5 Indeed, metaanalytical studies have questioned the strength of this 5HTT-LPR polymorphism finding, suggesting that alterations in serotonergic activity may actually reflect the beginning of more gradual plasticity changes, with the underlying mechanism being BDNF. 20, 21 In line with this view, one study has suggested that the BDNF Met allele may have protective effects against the adverse neural effects of the 5HTT-LPR Short allele in healthy individuals. 22 In contrast, when adverse environment is considered, the combination of BDNF Mets with 5HTT-LPR Short alleles actually increases risk for depression in maltreated children, 23 highlighting the importance of early life trauma in depression/anxiety pathways. Indeed, association studies have observed a significant excess of the Methionine (Met) allele of BDNF Val66Met polymorphism in depression, including geriatric depression. 24, 25 Although the Met allele of this polymorphism has also been associated with anxiety in humans 24 and mice, 26 at least one study has suggested the Val allele instead has a function in anxiety. 27 Depression has been associated with heightened sensitivity on physiological measures of arousal and temperament, consistent with a biologically mediated vulnerability to stress. For instance, alterations in heart rate in both resting and activation (including startle) conditions characterize both depression and anxiety disorders, [28] [29] [30] and poor emotion-related heart rate regulation is a promising predictor of antidepressant response. 31 Similar alterations are observed in syndromal depression and anxiety in otherwise healthy individuals. 32, 33 Notably, elevated heart rate is a key predictor of subsequent depression and anxiety disorder following exposure to a traumatic stressor. 34 Likewise, the temperamental trait of neuroticism, which reflects emotional instability and stress sensitivity, is a highly heritable and robust indicator of genetic vulnerability for both depression and anxiety. 13, 35 Excessive and/or repeated exposure to stress may contribute to neuronal loss in key regions of the limbic system; the hippocampus and amygdala. 36 The dynamic interplay between the amygdala and hippocampus, and their projections to both the prefrontal cortex and autonomic arousal systems, is crucial for effective emotional function and memory of significant information. 6, 7 Disruptions to emotion regulation and memory are defining features of both depression and anxiety disorders, 37, 38 and these disorders have in turn been associated with alterations in amygdala and hippocampal volume, and of the related prefrontal regions. 3, 36, [38] [39] [40] [41] [42] [43] Moreover, twin studies show that smaller hippocampal volume is implicated in genetic risk for these disorders in healthy individuals, particularly when coupled with exposure to stress. 44, 45 BDNF has a direct impact on neuronal growth and plasticity in frontohippocampal 46, 47 and amygdala 48 networks, and reduced serum concentrations of BDNF have been reported in major depression.
49-51
The BDNF (Val66Met) Met variant is associated with a functional alteration; that is, a decrease in activitydependent secretion of BDNF. 52 Met allele carriers show comparatively lower hippocampal gray matter 53, 54 and poorer cognitive performance. 2, 3, 52, 54 It has also been shown that, in otherwise healthy individuals with the BDNF Met variant, low emotional stability (higher neuroticism) with higher syndromal depression is associated with lower hippocampal volume. 55 Animal evidence indicates that stress exacerbates the effects of reduced BDNF on both hippocampal networks and autonomic arousal. For instance, stress in laboratory animals reduces BDNF synthesis, resulting in atrophy of CA3 pyramidal hippocampal neurons. 56 Further, BDNF knockout mice demonstrate impaired arousal responses 57 and increased anxiety-related behavior. 26 If our understanding of gene-environment interactions and their contribution to risk for depression and anxiety is to be improved beyond the phenomenological level, it is imperative that we understand these interactions in relation to their impact on brain structure and function. 36, 58 The interaction of BDNF Val66Met and stress and its impact on brain, arousal and cognition markers in risk for depression has not been examined. In this study, we used structural equation modeling (SEM) to evaluate the explicit pathways by which this BDNF gene-stress interaction impacts the brain and arousal and, in turn, predicts the experience of depression and anxiety symptoms (Figure 1 ). The specificity of these effects to the BDNF gene was then confirmed by replicating the final model but with the 5HTT-LPR variants. An advantage of SEM over more commonly used multivariate methods (such as factor analysis) is that it provides a powerful means to examine both direct and mediated relationships between measures within one model. 59 In this investigation we drew upon both behavioral 9 and neurobiological 6, 7, 19 frameworks for understanding anxiety and depression to test an integrative model in which gene-stress interactions impact the brain, arousal and neurocognitive mechanisms of risk for depression or anxiety. The complete hypothesized model (shown in Supplementary Figure 1A) was tested using the markers for depression and anxiety summarized above. In this model, it was hypothesized that the interaction of the BDNF Met allele and early life stress (ELS) predicts symptom and cognitive features of depression and anxiety, by reductions in limbic-prefrontal gray matter volume and subsequent alterations in body arousal (assessed by autonomic measures of heart rate), which in turn reduce emotional stability (reflected in higher neuroticism). Heritability estimates were also used to specify order of effects given the cross-sectional nature of the data, with more heritable (or stable) measures ordered causally before less heritable measures (therefore more variable and susceptible to influence). Thus, the predicted sequence in which genetic variation has the strongest effect on gray matter followed by body arousal and then neuroticism is consistent with the greater heritability estimates for brain structure (for example, 75% for right frontal volume) 60 compared to stress-related body arousal (51%) 61 and neuroticism (40-50%). 62 Three levels of analyses were used to test the model. First, we evaluated BDNF Val66Met variants and ELS in regard to their relationship with each of the individual brain, arousal and behavioral measures, with reference to published findings. Second, the interaction of BDNF variants and ELS was examined in relation to each of these individual measures. Together, these findings provided a framework for the third level of analysis. At the third level, SEM was used to evaluate the explicit pathways by which BDNF variants and ELS interact to produce effects on brain structure (gray matter), body arousal (heart rate), emotional stability (neuroticism), and in turn predict alterations in the symptoms and cognitive features of depression and anxiety. The specificity of these effects to BDNF was verified by retesting the model with the 5HTT-LPR polymorphism. ) and the Fagerstrom Tobacco Dependency Questionnaire 64 was used to assess exclusion criteria, including Axis I symptoms, physical brain injury (causing loss of consciousness for 10 min or more), neurological disorder and other serious medical or genetic conditions, and history of harmful drug or alcohol use. For all subjects who reported infrequent alcohol/drug use, the most recent use occurred at least a week before testing. On average, there was less than 10% missing data. A subset of 89 participants completed all assessments, including magnetic resonance imaging (MRI). This subset did not differ from the original participant pool in age, sex or genotype distribution, or descriptive characteristics on each of the candidate markers (see Supplementary  Table 2 for details).
Materials and methods

Participants
Informed written consent was provided in accordance with human research ethical requirements. BDNF Val66Met genotypes DNA was extracted from cheek swab samples and BDNF Val66Met genotypes were determined as described previously. 3 The genotype frequencies were 64.7% V/V (n = 242), 31.3% V/M (n = 117) and 4% M/M (n = 15), which were in Hardy-Weinberg equilibrium (w 2 = 0.03, P = 0.862). These genotype frequencies conform to expected population rates for the BDNF Val66Met genotype and are similar to previously reported distributions. 24, 27 Owing to limited M/M subjects, M/M and V/M subjects were combined to form the 'Met allele carriers' group (n = 132). V/V and Met allele carriers did not differ in mean age (t = 0.914, P = 0.361; V/V = 36.61±12. 37 Early life stress Early life stress was measured using a 19-item Early Life Stress Questionnaire, which assesses the occurrence of specific early life stressors up to 18 years shown to have a psychological impact in childhood, including abuse, neglect, family conflict, illness/ death and natural disasters. 65 This scale is based on the Child Abuse and Trauma Scale, 65 which has been shown to have strong reliability and validity, and correlates with adult outcome and psychopathology.
Syndromal depression and anxiety symptoms
Depressed mood and anxiety were assessed using the DASS-21 (a short form of the Depression Anxiety Stress Scales 11 ), which assesses the severity of core symptoms of depression and anxiety. This scale is a psychometrically sound measure of trait depression in nonclinical and clinical populations, and has established norms that include Australian, US and UK populations. 11, 65 Total scores were doubled for comparison with DASS-42 profiling. For depressed mood and anxiety, scores of 0-9 and 0-7 are considered 'normal', 10-13 and 8-9 'mild', 14-20 and 10-14 'moderate', 21-27 and 15-19 'severe', 28 þ and 20 þ 'extremely severe'.
Temperament. Emotional stability was assessed using the Neuroticism scale from the 60-item NEOFive Factor Inventory, a short form of the NEO-PI. 66 Cognition. The computerized and standardized 'IntegNeuro' battery was used to assess domains of cognitive function (see Supplementary Table 1 for the tests included in this battery). The IntegNeuro battery has sound psychometric properties in terms of reliability, validity, cross-cultural consistency, and age, sex and education norms. [67] [68] [69] Core cognitive domains were established previously using factor analytic techniques: information processing speed, verbal memory, response speed (sensori-motorfunction), sustained attention, working memory, verbal processing and executive function 70 (see Supplementary Table 3 for details of factor loadings and cognitive measures defining each domain). Factor scores were inverted (where necessary) such that a high score reflected superior performance (that is, fewer errors and faster reaction time).
Autonomic arousal: heart rate Average heart rate (beats per minute, b.p.m.) and heart rate variability (HRV) were recorded during both resting conditions and activation tasks using an electrocardiogram recording electrode positioned on the inner left wrist at the radial pulse. These conditions and tasks were designed to elicit increasing levels of arousal; from resting through to presentation of facial emotion and startle stimuli (see Supplementary Table 1 ).
Structural magnetic resonance imaging
Structural MRI was undertaken using a 1.5 T Siemens Vision Plus and Siemens Sonata systems (Siemens, Erlangen, Germany). High-resolution T1-weighted images were acquired using a three-dimensional magnetization-prepared rapid acquisition gradient echo sequence in the sagittal plane, with 180 slices, 1 mm cubic voxels, 256 Â 256 matrix, repetition time (TR) = 9.7 ms, echo time (TE) = 4 ms, TI = 200 ms and flip angle = 121.
Segmentation and spatial normalization of MRI data was performed using voxel-based morphometry in SPM2 (http://www.fil.ion.ucl.ac.uk/spm), using a protocol described in detail previously. 71, 72 Images were spatially normalized by transforming each brain to a standardized stereotactic space based on the ICBM 152 template (Montreal Neurological Institute). Images were segmented into gray, white, CSF and non-brain portions based on a cluster analysis method to separate pixels based on intensity differences, together with a priori knowledge of spatial tissue distribution patterns in normal subjects. 73 Customized templates created from the BRID subjects were used for normalization and segmentation processes. 72 A correction was made to preserve quantitative tissue volumes following the normalization procedure. 71 Regions of interest for volumetric analysis were those implicated in depression and anxiety, and were defined using a standardized neuroanatomical atlas: 74 prefrontal cortex (lateral and medial portions), hippocampus and amygdala. We defined the medial prefrontal cortex (MPFC) as including the anterior cingulate (Brodmann areas, BA24/32), and medial orbital to superior frontal structures (extending to BA9/10). The lateral prefrontal cortex (LPFC) included the superior frontal gyrus, limited by the superior frontal sulcus externally, the middle frontal gyrus, limited caudally by the precentral sulcus, ventrally by the middle frontal sulcus and dorsally by the superior frontal sulcus, and the inferior frontal gyrus, limited dorsally by the inferior frontal sulcus and rostrally by the precentral sulcus. 74 
Statistical analysis
Multiple regression analysis was first used to evaluate the main effects of BDNF and ELS on candidate markers and syndromal depression and anxiety. Second, regression analyses were undertaken to evaluate the interaction effects of BDNF and ELS on these measures. In addition, regression analysis was used to evaluate the relationships between candidate markers. Together, these analyses provided a framework for the subsequent structural equation model.
Analyses of main effects for BDNF and ELS included age and sex as covariates (n = 374 for body and arousal measures, n = 89 for gray matter volume measures), and used a regression equation of the form: dependent measure
Because the BDNF polymorphism was coded as a binary variable, it is more readily interpretable as a categorical variable, equivalent to the interpretation of sex; that is, the categories of female and male, rather than a continuum of 'maleness' or 'femaleness'.); ELS: 0 = no ELS, 1 = 1 ELS, 2 = 2 ELS, 3 = 3 ELS, 4 = 4 ELS, 5 = 5 or more ELS. Initial curvilinear regression analyses of ELS on all variables confirmed strongest effects for linear trends over and above curvilinear trends.), b 2 the coefficient for sex (1 = female, 2 = male) and b 3 the age coefficient (years). Multiple regression analysis was then used to examine the effects of the interaction of BDNF Val66Met and ELS on brain and arousal markers, and syndromal depression and anxiety. The regression equation took the form: dependent measure Structural equation modeling with maximum likelihood estimation (in AMOS 5 75 ) was then used to test the hypothesized path model in Supplementary  Figure 1 (n = 89; see Supplementary Materials for details on SEM method). SEM tested the prediction that the interaction of BDNF polymorphism and ELS produces effects on limbic (hippocampus, amygdala) circuitry and the prefrontal regions that regulate this circuitry, with subsequent alterations in body arousal and elevations in neuroticism, which in turn produce increases in syndromal depression and anxiety and related cognitive features. 20 In the path model, candidate markers were ordered according to the hypothesized integrative model, drawing on previous behavioral 9 and neurobiological 6, 7 frameworks, heritability estimates and the published literature it draws on. The order of measures may be summarized according to three levels:
First level 'gene-environment' variables included BDNF (V/V vs Met), ELS and their interaction (BDNF Â ELS). Age and sex were included in this level to control for any covariation due to these constitutional variables. First-level measures were treated as 'exogenous' variables (not caused by other variables in the model), whereas those at subsequent levels were treated as 'endogenous' variables (caused by one or more variables in the model).
Second level 'endophenotype' variables comprised (1) brain structure (right hippocampal, amygdala, LPFC and MPFC volume) and (2) autonomic arousal (startle-elicited heart rate and HRV), verified in initial multiple regression analyses (see Results). The order of these measures drew on both theory 6,7 and heritability estimates. 60, 61 Third level 'phenotypic' variables first included the measure of neurotic temperament, associated with emotional stability and stress sensitivity. The outcome measures were the severity of symptoms of depression and anxiety, and associated cognitive features. Six of the cognitive domains were represented by two latent factors: 'working memory' (encompassing domains of working memory accuracy, memory span and sustained attention) and 'executive cognitions' (defined by information processing speed, executive function and verbal processing), whereas the remaining factor formed its own 'verbal memory' domain (defined by items measuring verbal recall, memory recognition, delayed recall; Supplementary Tables 3, 4; Supplementary Figure 1) . This model was determined in a subanalysis before calculation of the full model.
Directed arcs (that is, single-headed arrows) were fitted to the model to examine the direct effects of the first-level variables onto the second-and third-level variables, and the second-level variables onto the third-level variables as shown in Supplementary Figure 1A . Correlated disturbances (that is, doubleheaded arrows) were also fitted to account for random variation: (1) between BDNF and BDNF Â ELS, and between ELS and BDNF Â ELS; (2) between the four brain structure measures (hippocampal, amygdala, lateral and medial prefrontal cortical volume) and (3) between depressed mood and anxiety. A correlated disturbance was not fitted to account for random variation between the two heart rate measures as initial bivariate correlations suggested these two variables were not significantly correlated. Residual variances were estimated for all endogenous variables (a variable caused by one or more variables in the model).
Overall model fit was evaluated by observing the following goodness-of-fit (GOF) indices: the w 2 -statistic (w 2 with good fit indicated by a P-value > 0.05), the root mean square error of approximation (RMSEA with good fit indicated by an index < 0.05 and a P-value > 0.50), the comparative fit index (CFI with good fit indicated by an index > 0.95) and the parsimony goodness-of-fit index (PGFI with good fit indicated by an index > 0.50 76 ) to ensure the model was not too complex and therefore replicable in another sample. Unstandardized (b) path coefficients were observed. When overall model fit was poor, model respecifications were made by removing nonsignificant directed arcs or correlated disturbances (P > 0.05), and adding directed arcs or correlated paths as indicated by modification indices that were consistent with hypotheses. As the models were nested (that is, the models' parameters were subsets of one another 76 ), the statistically significant improvements between models could be assessed using the likelihood ratio (calculated as the difference in w 2 and d.f. between the models of interest 77 ). Model respecifications were undertaken to determine satisfactory model fit with the BDNF gene. To establish mediation, indirect paths were tested for significance using the Sobel test of estimated standard error. 78 Three models (referred to as confirmation models) were examined to confirm the validity of the final model. First, to examine the specificity to BDNF, the final model was retested with 5HTT-LPR (abbreviated as '5HTT') variants (LL vs SL/SS) replacing BDNF variants, and the computed interaction of '5HTT Â ELS' replacing the interaction of BDNF Â ELS. Second, given the arguably similar heritability estimates of body arousal (51%) and neuroticism (40-50%), we tested an alternative path model in which the direction of effect was brain-body arousal-neuroticism, rather than brain-neuroticismbody arousal. Third, we further examined the validity of the predicted phenotypes of depression and anxiety, by determining if the pathways predicting these phenotypes were also distinguished by other behavioral indices of depression vs anxiety, established in the literature.
Results
Exposure to early life stress
The top five ELS events reported in the current sample were family conflict (25.2%), divorce of parents (22.1%), being bullied at school (19.1%), a family member's life being threatened (16.9%) and separation from kin (15.6%), with the mean number of reported ELS events being 2.16±2.23 events. BDNF genotypes did not differ in number of reported ELS events (w 2 = 2.771, d.f. = 5, P = 0.735; V/V: 2.18±2.22, Met: 2.12 ± 2.24).
Multiple regression: main effects of BDNF Val66Met and early life stress Consistent with previous findings, greater exposure to ELS predicted an elevation in symptoms of depression (unstandardized b = 0.745, t = 4.50, P < 0.001) and anxiety (b = 0.335, t = 3.52, P < 0.001), along with a reduction in associated cognitive performance for information processing, within the executive cognitions domain (b = À0.080, t = À2.16, P = 0.031), and memory span (b = À0.110, t = À3.25, P = 0.001) and sustained attention (b = À0.100, t = À2.16, P = 0.032), within the working memory domain.
Greater ELS also predicted an elevation in arousalrelated candidate markers, including the temperamental trait of neuroticism (b = 0.762, t = 3.09, P = 0.002) and mean heart rate during resting (eyes open: b = 0.906, t = 2.74, P = 0.006; eyes closed: b = 0.927, t = 2.82, P = 0.005), and activation tasks designed to increase arousal (facial emotion perception: b = 0.948, t = 2.72, P = 0.007; working memory: b = 1.281, t = 3.63, P < 0.001; auditory oddball: b = 0.986, t = 2.93, P = 0.004; startle: b = 0.906, t = 2.09, P = 0.038). With greater ELS, HRV was reduced during the executive maze task (b = À1.060, t = À3.07, P = 0.002).
BDNF Val66Met status, by contrast, predicted only one effect, for HRV during the startle task for Met allele status (b = 1.634, t = 1.98, P = 0.049). However, this effect was not significant (P = 0.075) when BDNF genotypes were compared using t-tests without the confounds age and sex included (Supplementary Table 5 ). Consistent with the focus of the study, a greater number of effects were apparent for the interaction of BDNF status and ELS, as outlined in the following section.
Multiple regression: interaction effects of BDNF Val66Met variants and early life stress When the interaction of BDNF Val66Met status with ELS was considered, there was an even more robust prediction of cognitive features associated with depression and anxiety. Specifically, the interaction of Met carrier status and exposure to at least two ELS events predicted poorer working memory performance in terms of accuracy (unstandardized b = À0.156, t = À2.23, P = 0.026) and reaction time (b = À0.164, t = À2.30, P = 0.022) (see Figure 2a for Figure 2 Significant effects for the interaction of brain-derived neurotrophic factor (BDNF) Val66Met polymorphism (BDNF) with early life stress (ELS). Fitted regression plots based on estimated marginal means from multiple regression analyses showing significant interactions between BDNF Val66Met polymorphism and number of ELS events (correcting for main effects of BDNF and ELS, age and gender) with regard to (a) working memory accuracy and reaction time (n = 374); (b) right hippocampal and amygdala gray matter volume (ml) (n = 89) and (c) average heart rate (beats per minute) during resting (eyes closed, with similar effects evident during the eyes open condition), startle, facial emotion perception, and tests of working memory, executive function (executive maze task) and selective attention (auditory oddball task) (n = 374). The R fitted regression plot and Supplementary Figure 3A for scatter plots).
Similarly, the interaction of ELS with BDNF Val66Met status predicted more pronounced effects on heart rate, especially for the most arousing (startle) task (b = 3.494, t = 3.776, P = 0.0002), but also across resting conditions (eyes open: b = 1.582, t = 2.287, P = 0.023; eyes closed: b = 1.912, t = 2.768, P = 0.006) and other activation tasks (facial emotion perception: b = 1.563, t = 2.095, P = 0.037; working memory: b = 1.828, t = 2.480, P = 0.014; executive maze: b = 2.088, t = 2.304, P = 0.022; oddball: b = 1.873, t = 2.644, P = 0.009) (Figure 2c ; Supplementary Figure  3C) . Averaging across the conditions, the interaction of Met carrier status and exposure to a high level of ELS (five or more events) predicted a mean increase that was 12.0 b.p.m. higher than in those without exposure to ELS (Figure 2) . In contrast, a mean increase of only 1.3 b.p.m. was predicted for V/V subjects with the same level of stress exposure.
The interaction of BDNF Val66Met status and ELS also predicted an impact on brain structure; a reduction in gray matter for the right hippocampus (b = À0.115, t = À2.528, P = 0.013) (A similar interaction effect was found for the left hippocampus at weak trend level (P = 0.089).) and right amygdala (b = À0.034, t = À2.533, P = 0.013) was comparatively greater for Met carriers with higher exposure to ELS (Figure 2b; Supplementary Figure 3B ).
Multiple regression: relationships between candidate brain-arousal markers Consistent with the literature, both depression (b = 0.365, t = 9.36, P < 0.001) and anxiety (b = 0.152, t = 6.64, P < 0.001) were predicted by higher neuroticism (lower emotional stability). Moreover, anxiety predicted poorer cognitive performance characteristic of depressive and anxiety disorders; including information processing (b = À0.049, t = À2.02, P = 0.044) and executive function (b = À0.076, t = À2.54, P = 0.012), within the executive cognitions domain, and verbal memory (b = À0.072, t = À3.17, P = 0.002) and memory span (b = À0.054, t = À2.81, P = 0.005), within the working memory domain.
In accord with the predictions of the model, in which gray matter alterations in the limbic-prefrontal circuits that regulate emotional arousal will in turn produce alterations in autonomic arousal, lower right hippocampal gray matter volume was found to predict higher mean heart rate for the startle task (b = À11.342, t = À2.38, P = 0.021). To a lesser extent, lower left medial prefrontal volume also predicted higher startle-elicited heart rate (b = À2.063, t = À2.04, P = 0.046).
Structural equation modeling: BDNF Val66Met-early life stress interaction and brain-arousal pathways predict depression and anxiety Drawing on both published studies and the above findings from multiple regression analyses, SEM focused on the interaction of BDNF Val66Met (referred to hereafter as 'BDNF') and ELS. SEM was undertaken with those candidate brain and arousal markers shown to be predicted most robustly by BDNF variants and ELS (and outlined in Supplementary Figure 1 ). These were gray matter for the rightsided hippocampus, amygdala and prefrontal regions, and startle-elicited heart rate measures (although we note that there were correlations of greater than 0.9 between right and left hemispheres for gray matter, and between startle and other tasks for heart rate measures, indicating that the model is generalizable to these measures). Figure 1A for details). Directed paths were fitted specifically to represent the prediction that hippocampal-LPFC networks would predict depression (and not anxiety), whereas amygdala-MPFC networks would predict anxiety (and not depression). At the phenotypic level, relationships between symptoms and cognition were left free to vary as it was difficult to decipher the direction of effects at this level in a nonclinical sample. The second model (Table 1, 1ii) used modification indices to test the addition of six paths to the initial model to account for these phenotypic relationships. Two of these paths included a correlation between depression and working memory accuracy, and a directed arc between anxiety and verbal memory. The addition of these six paths resulted in a significant improvement in model fit (significant likelihood ratio, P < 0.001). Model three (Table 1, 1iii) tested the improvement in model fit once nonsignificant paths were removed. Removal of these paths reduced the complexity of the model (PGFI increased from 0.393 to 0.615). The fourth model (Table 1 , 1iv) used modification indices to test the addition of a correlated path between LPFC and depression, which further improved the fit of the model (significant likelihood ratio, P < 0.01). In the final model (Table 1, (Table 1 ; 1v) accounted for 17.9% of depression symptoms and 13.3% of anxiety symptoms, and these symptoms were correlated with poorer cognitive performance on working and verbal memory domains, respectively. These behavioral outcomes were predicted by the impact of BDNF Val66Met and its interaction with ELS on gray matter, heart rate and neuroticism. For brain structure, a large amount of variance for hippocampal (38.5%), amygdala (52.2%), and related LPFC (45.9%) and MPFC (34.4%) cortical regions was accounted for. Effects on heart rate (11.5% for mean b.p.m., 5.3% for variability for startle task) and neuroticism (5.7%)
were smaller yet important in the mediation of depression and anxiety.
The significant pathways of interest in the final BDNF model are shown in Figure 3 (see Supplementary Figure 2 and Supplementary Table 4 for further details). The interaction of BDNF Met status with exposure to ELS contributed to distinctive brainarousal pathways to syndromal depression and anxiety. Elevated depression was predicted by two parallel systems. The interaction of BDNF Met status and ELS directly predicted reduced hippocampal volume (b = À0.11, P < 0.001; Figure 3A ). This reduction was correlated with reductions in LPFC volume (r = 0.68, P < 0.001; Figure 3B ). Loss of hippocampal-LPFC volume was associated with greater depressed mood (r = À0.09, P = 0.005; Figure 3C ), which was associated in turn with reductions in working memory accuracy (r = À0.75, P = 0.005; Figure 3G ). Second, the interaction of BDNF-ELS predicted increases in startle-elicited heart rate (b = 4.59, P < 0.001; Figure 3D ), which in turn predicted increased neuroticism (b = 0.19, P = 0.019; Figure  3E ). Consistent with a multidimensional model of depression and anxiety, [11] [12] [13] [14] neuroticism predicted increased depression (b = 0.34, P < 0.001; Figure 3F ) along with increases in anxiety (b = 0.11, P < 0.001; Figure 3H ). Depression and anxiety were positively correlated (r = 0.42, P < 0.001; Figure 3J ). The Sobel test of mediation confirmed a significant indirect pathway from the BDNF-ELS interaction down to the brain level and symptom-cognition outcomes (see pathways A and B in Table 2 ).
In contrast, the interaction of BDNF V/V genotype with exposure to ELS predicted elevated syndromal anxiety through an alternative neural system. The interaction of BDNF V/V status and ELS predicted greater amygdala volume (b = À0.03, P = 0.003; Figure 3K ), which correlated positively with medial prefrontal volume (r = 0.65, P < 0.001; Figure 3L ). In turn, greater amygdala-medial prefrontal volume predicted elevations in startle-elicited HRV (b = 3.53, P = 0.026; Figure 3M ), which were associated with higher anxiety (b = 0.08, P = 0.026; Figure 3N ). Syndromal anxiety predicted poorer performance on a distinctive aspect of memory; verbal memory (b = À0.08, P = 0.003; Figure 3I ). Mediation was generally confirmed for these BDNF V/V-ELS pathways to the brain, arousal and symptom-cognition levels, with a trend effect (P = 0.056) evident for the contribution of HRV in the link between MPFC volume and anxiety suggesting other potential variables may have a function (see pathway C in Table 2 ).
Structural equation modeling: confirmatory models
To examine the specificity of the path model for the BDNF polymorphism, the final model was retested with the 5HTT-LPR polymorphism (Table 1; 
model 2).
Relative to the BDNF model, the overall fit of the Abbreviations: BDNF, brain-derived neurotrophic factor; CFI, comparative fit index where CFI > 0.95 indicates good fit; PGFI, parsimonious GOF index where PGFI > 0.50 indicates good fit; P, significance of RMSEA index where P > 0.50 indicates good fit; RMSEA, root mean square error of approximation; Dw 2 , nested w 2 difference. Note. The final BDNF model had superior overall fit (w 2 was nonsignificant, RMSEA and CFI were satisfactory, and PGFI was the highest, indicating that this model is parsimonious and not complex). *P < 0.05, **P < 0.01, ***P < 0.001. a Six unestimated paths (four direct, two correlated) predicting the cognitive variables were indicated by modification indices and so estimated. Also, the error variance of working memory accuracy was negative, so needed to be constrained ( = 0.05) for the model to be identified. b One unestimated path (correlation between prefrontal volume and depression) was indicated by modification indices (consistent with hypotheses) and so estimated. 5HTT-LPR model was reduced in terms of both overall w 2 and GOF indices. Further, neither 5HTT-LPR nor 5HTT-LPR Â ELS predicted the pathways predictive by the equivalent BDNF and BDNF-ELS effects, suggesting a preferential role for the BDNF polymorphism in these pathways.
In a third model (Table 1 ; model 3), the direction of the effect between heart rate and neuroticism was verified by examining model fit when the path between these two variables was reversed. No significant improvement in model fit was evident, and the strength of the path coefficient from neuroticism to heart rate was weaker (standardized b = 0.201) in comparison to the original BDNF model (Table 1 ; model 1, v) in which heart rate predicted neuroticism (standardized b = 0.238). Nonetheless, given both effects were significant (albeit stronger in the original model), the direction of these effects requires confirmation in future research.
Because the final BDNF model indicated that both BDNF Met and BDNF V/V may contribute to risk (depression and anxiety, respectively), a third confirmatory analyses examined if these pathways were distinguished by correlations with other behavioral indicators of depression vs anxiety, established in the literature. Slowed response (or psychomotor) speed is part of the diagnostic criteria for major depression, particularly with melancholia, and has been distinguished from poor inhibition (referred to here as 'impulsivity') that defines an anxiety dimension. 79 From our cognitive battery, we extracted measures of response speed (psychomotor task) and impulsivity ('go-nogo' task) and included them in the final BDNF model, to test correlation coefficients specified between the working memory domain and response speed (linked to depression), and between verbal memory and impulsivity (linked to anxiety) (for further details see Supplementary Materials). The resulting model demonstrated good overall fit (w 2 = 240.59, P = 0.241; RMSEA = 0.026, P = 0.932; CFI = 0.987, PGFI = 0.633). Response speed correlated with working memory (r = 0.229, P = 0.030), but not verbal memory, consistent with a link to depression, and impulsivity was predicted by anxiety (b = 0.021, P = 0.018), but not depression. These findings provide further support for the separation of pathways to Figure 3 Structural equation model summary for the effects of brain-derived neurotrophic factor (BDNF) Val66-Met polymorphism and its interaction with early life stress (ELS) on depression and anxiety (and associated cognitive function) by its effects on brain structure and arousal. These effects are presented as model estimates (unstandardized path coefficients) (n = 89). Solid lines represent positive path coefficients, dashed lines represent negative path coefficients, single-headed arrows represent direct effects and double-headed arrows reflect correlation coefficients. The thickness of the line represents the significance of the effect (thin, medium and thick lines corresponding to P < 0.05, 0.01 and 0.001, respectively). The interaction of BDNF Met status with exposure to ELS contributed to distinctive brain-arousal pathways to syndromal depression and anxiety. The interaction of BDNF Met status and ELS directly predicted reduced hippocampal volume (A, b = À0.11, P < 0.001). This reduction was correlated with reductions in lateral prefrontal cortical volume (B, r = 0.68, P < 0.001), which in turn was associated with greater depressed mood (C, r = À0.09, P = 0.005). Second, the interaction of BDNF-ELS predicted increases in startleelicited heart rate (D, b = 4.59, P < 0.001), which predicted increased neuroticism (E, b = 0.19, P = 0.019), and subsequently increased depression (F, b = 0.34, P < 0.001) and anxiety (H, b = 0.11, P < 0.001). Syndromal depression was associated with poorer working memory accuracy (G, r = À0.75, P = 0.005), whereas higher anxiety predicted poorer performance on a distinct aspect of memory; verbal memory (I, b = À0.08, P = 0.003). Working memory was also correlated with slowed response speed (r = 0.229, P = 0.030), whereas anxiety independently predicted increased impulsivity (b = 0.021, P = 0.018). Depression and anxiety were positively correlated (J, r = 0.42, P < 0.001). In contrast, the interaction of BDNF V/V genotype with exposure to ELS predicted elevated syndromal anxiety through an alternative neural system. Compared to Met carriers, the interaction of BDNF V/V status and ELS predicted enlarged amygdala volume (K, b = À0.03, P = 0.003), which correlated positively with medial prefrontal volume (L, r = 0.65, P < 0.001). Enlarged medial prefrontal volume predicted elevations in startle-elicited heart rate variability (M, b = 3.53, P = 0.026), which was associated with elevated anxiety (N, b = 0.08, P < 0.026). For details of the full final model estimated see Supplementary Figure 2 , and for details of the path coefficients of other model predictors see Supplementary Table 4. depression and anxiety, from the interaction of BDNF and ELS.
Discussion
These findings demonstrate for the first time the neurobiological pathways that predict syndromal depression and anxiety, consistent with a multidimensional model of depression and anxiety. 9 Using SEM, we identified the effects of the interaction of the BDNF Val66Met polymorphism and exposure to ELS on neural circuitry and autonomic arousal pathways that in turn predict syndromal depression and anxiety, and associated alterations in cognition. Further, these effects appear to involve preferentially the BDNF polymorphism, compared to the 5HTT-LPR polymorphism, which has been implicated in risk for depression in some studies [15] [16] [17] [18] but not all. 80, 81 In BDNF Met carriers, exposure to ELS predicted higher syndromal depression through the loss of hippocampal-lateral prefrontal gray matter. In addition, the BDNF Met-stress interaction predicted greater general distress (higher depression with anxiety) by elevations in body arousal and the temperamental trait of neuroticism.
The specific pathway to syndromal depression in this study accords with previous integrative findings, 82 and with behavioral formulations that distinguish a depression factor defined by anhedonia and lack of positive emotion. 9 This pathway also accords with gene-environment models of affective disorder 58 that implicate both exposure to stress early in life and its effects on hippocampal circuits in susceptibility to depression. SEM showed that the BDNF Met-ELS interaction predicted a reduction in hippocampal gray matter volume, and its lateral prefrontal projections, which was associated with elevated trait depression. This association is consistent with the reductions in hippocampal volume commonly found in depressed patients, [39] [40] [41] particularly those with a history of early life trauma. 83 Because BDNF has an important role in long-term potentiation 46 associated with hippocampal networks, altered release of BDNF during development could affect the formation of neural networks 84 through reduced neural plasticity. By contrast, the BDNF V/V genotype contributed specifically to elevated syndromal anxiety in the absence of elevated depression in this study, by a parallel anatomical pathway. This pathway accords with behavioral formulations that differentiate a specific anxiety dimension defined by somatic features. It also suggests that BDNF V/V status might have a role in the disposition toward specific anxiety disorders. Our observation that the BDNF V/V-ELS interaction predicted greater anxiety by an increase in amygdala and associated medial prefrontal volume is concordant with evidence from laboratory animal studies. Chronic stress has been found to enhance dendritic arborization of neurons in the rat amygdala, 85 serving to augment amygdala-dependent fear conditioning toward specific stimuli. Moreover, the linkage between enlarged amygdala volume and elevated anxiety is consistent with evidence for enhanced right amygdala volume in anxiety disorder patients 86 or anxiety scores in autistic children 87 as well as the converse reduction in fear responses following amygdala lesions. 88 The enlarged amygdala-medial prefrontal of 'stressed' V/V genotypes was in turn associated with elevated HRV, which was then associated with increased anxiety. Although a relationship between reduced HRV and anxiety and poor health has been observed in many studies, 89 the precise nature of this relationship remains unclear. Extension of the present study in a sample of patients with syndromal anxiety disorder is required to further delineate the direction of this association.
The additional role of the BDNF Met allele and stress in predicting syndromal depression and associated anxiety accords with the behavioral formulation of a mixed depression-anxiety or 'general distress' dimension. 13 The findings indicate that the interaction of BDNF Met status and exposure to stress contributes, in addition to loss of hippocampal-LPFC, to an elevation of body arousal and neuroticism, which have been implicated in risk for depressive and comorbid anxiety conditions. 'Stressed' BDNF Met carriers showed striking elevations in heart rate (16.5% in Met carriers compared to 1.7% in V/V homozygotes, each exposed to five or more stressful events). Heart rate elevations contributed to higher neuroticism, which in turn predicted higher levels of depression and anxiety. This pathway is consistent with previous evidence linking the BDNF Met allele with both depression and anxiety, 24, 25 and with evidence that heightened arousal through hypothalamic-pituitary-adrenal axis dysregulation is a major clinical factor in determining severity of depression and associated anxiety. 36, 58 Stress coupled with BDNF Met status may have a compound effect on these circuits. Moreover, the link between BDNF status and heart rate may have further implications for heightened vulnerability to cardiovascular disease commonly documented in depressed patients. Disrupted cardiovascular function has been similarly observed in BDNF-deficient mice. 90 Contrary to the view that the BDNF Met allele may confer 'risk' and the Val allele 'protection', our findings suggest that both alleles may contribute to distinct mechanisms of risk when an individual is also exposed to early life stressors. The interaction of BDNF V/V homozygote status and ELS predicted greater amygdala-medial prefrontal gray matter, which in turn was associated with higher HRV and syndromal anxiety. This finding is not unusual but suggests a possible presence of allelic heterogeneity; namely, that distinctive patterns of traits that may be produced by different mutations within a gene. One example is the MAPT gene, encoding for the microtubule-associated protein tau. Different mutations in this gene can cause progressive supranuclear palsy or frontotemporal dementia with parkinsonism, as well as other disorders. 91 Exposure to stress may differentially impact the function of brain-body pathways involved in regulating syndromal depression and anxiety, depending on an individual's level of BDNF (according to the presence of Met or Val alleles). Of course, this possibility needs to be examined in clinical samples, to determine if these pathways predict depression and anxiety at the level of disorder.
The findings of this study highlight the importance of investigations that focus on integrating candidate gene, brain and behavior risk markers for affective disorder. 1, 4, 5, 8, 55 These findings provide new evidence to suggest that a chain of events commencing with gene-ELS interactions and their impact on the brain and autonomic arousal systems define two parallel pathways to depression and anxiety, and account for the overlapping presentation of these conditions. It is important to recognize however that this model is a statistical one, and cannot consider all candidate markers for depression and anxiety. Yet, an advantage of SEM over conventional statistical methods is that residual error terms can partly take account of absent measures. In this first study using path modeling, we focused on candidate markers observed in previous individual studies, and associated with stress vulnerability mechanisms of risk for these disorders. With larger sample sizes, the effects of other variables (such as other genes or health variables) could be examined. Investigations with larger samples, including with clinical patients, are underway in which gene-gene and gene-gene-environment variables are being included within the integrative model. These include the international study to predict optimized treatment in depression (iSPOT-D). 2 Further, to explore temporal dynamics and reciprocal relations, longitudinal or experimental data need to be applied; for instance to confirm the direction of effects between body arousal and the neuroticism measure of emotional stability. It would also be interesting to examine if there are additional interactions between BDNF alleles and sex differences, given previous indications of such differences in relation to temperament. 92 These insights are crucial to targeting the earliest risk factors for depression and anxiety, and thus early intervention. Given the involvement of BDNF, arousal and hippocampal-amygdala circuits in modulating the action of antidepressants, the present findings also have implications for identifying gene-brain markers of individual response to pharmacological targets for the treatment of depression and anxiety.
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